The x-ray crystal structure of a 194-kDa fragment from module 5 of the 6-deoxyerythronolide B synthase has been solved at 2.7 Å resolution. Each subunit of the homodimeric protein contains a full-length ketosynthase (KS) and acyl transferase (AT) domain as well as three flanking ''linkers.'' The linkers are structurally well defined and contribute extensively to intersubunit or interdomain interactions, frequently by means of multiple highly conserved residues. The crystal structure also reveals that the active site residue Cys-199 of the KS domain is separated from the active site residue Ser-642 of the AT domain by Ϸ80 Å. This distance is too large to be covered simply by alternative positioning of a statically anchored, fully extended phosphopantetheine arm of the acyl carrier protein domain from module 5. Thus, substantial domain reorganization appears necessary for the acyl carrier protein to interact successively with both the AT and the KS domains of this prototypical polyketide synthase module. The 2.7-Å KS-AT structure is fully consistent with a recently reported lower resolution, 4.5-Å model of fatty acid synthase stucture, and emphasizes the close biochemical and structural similarity between polyketide synthase and fatty acid synthase enzymology. modular megasynthase ͉ multienzyme assembly ͉ polyketide synthase
modular megasynthase ͉ multienzyme assembly ͉ polyketide synthase M odular polyketide synthases (PKSs), such as the 6-deoxyerythronolide B synthase (DEBS), are a large family of polyfunctional, multisubunit enzymes that catalyze the biosynthesis of structurally complex and medicinally important natural products (1, 2) . Similar to vertebrate fatty acid synthases (FASs) (3), each PKS module consists of at least two catalytic domains [a ketosynthase (KS) and an acyl transferase (AT)] that together collaborate with an acyl carrier protein (ACP) domain to catalyze polyketide chain elongation and intermodular chain transfer (Fig. 1) . In most modules, additional domains such as ketoreductase (KR), dehydratase, and enoylreductase catalyze further modification of the initial ␤-ketoacylthioester product of KS-catalyzed chain elongation.
As illustrated in Fig. 6 , which is published as supporting information on the PNAS web site, the primary amino acid sequences of individual PKS modules are characterized by stretches of highly conserved regions (corresponding to the above-mentioned domains) flanked by 20-300 residue ''linkers'' that lack homology to each other or to other protein families in sequence databases (4, 5) . With the exception of C-terminal͞ N-terminal linker pairs (6) that serve as docking sites for successive but noncovalently interacting modules, the structure and function of linkers in modular PKSs have been largely unexplored. There is growing appreciation, however, that a better understanding of the role of linkers is of critical importance to the continued success of biosynthetic engineering (6) (7) (8) .
Very recently, we have been able to dissect a PKS module into individual active KS-AT and ACP components that together can be reconstituted to restore all of the normal catalytic properties of an intact homodimeric module (9) . We have now solved the 2.7-Å crystal structure of a 194-kDa homodimeric fragment containing the KS-AT didomain of DEBS module 5. The crystallized fragment contains the full-length KS and AT domains as well as three f lanking peptide linkers: the N-terminal linker, an intervening KS-to-AT domain or KS-to-AT linker, and a peptide linker C-terminal to the AT domain that includes the first 30 residues of the AT-to-KR interdomain region of module 5 previously deduced solely on the basis of sequence alignments. In addition to providing an atomic-level insight into the structure and topological organization of the core catalytic domains of a multimodular PKS, this prototypical structure also complements and extends a recently reported lower resolution, a 4.5-Å model of type I fatty acid synthase structure. The results provide a perspective for future biochemical and engineering investigations into this remarkable family of modular megasynthases. Chain elongation cycle catalyzed by a minimal PKS module. In this example, the crystallized KS-AT fragment is shown in color, whereas the ACP domains that interact with the KS and AT are in black and white or grayscale.
(1) A methylmalonyl unit that is added to a pentaketide substrate to yield the hexaketide product. KS is primed with a growing polyketide chain by the upstream ACP. AT is acylated with a methylmalonyl extender unit from its CoA derivative (2), which is transferred to the downstream ACP (3) and condensation takes place in the active site of KS with the release of carbon dioxide (4). The extended polyketide chain is anchored on the downstream ACP. Domains are drawn in the order they appear in amino acid sequence of the module. Orange, N-terminal docking domain; blue, ketosynthase (KS); green, acyl transferase (AT); gray, acyl carrier protein (ACP); yellow, the KS-to-AT linker; red, post-AT linker peptide. The phosphopantetheine prosthetic group of the ACP is drawn as a curly line. The same coloring scheme is used in subsequent figures.
Results and Discussion
The structure of the crystallized fragment of DEBS module 5, which was solved by multiwavelength anomalous dispersion (MAD), has 40,908 atoms (582 kDa) per asymmetric unit (Table  1) . To our knowledge, this structure is the x-ray crystal structure with the largest number of atoms per asymmetric unit that has been solved to date by using the MAD technique.
Overall Organization. Each monomer of this homodimeric 194-kDa protein contains one KS domain, one AT domain, and three structurally well defined linker regions (Fig. 2) , each with a unique secondary structure: the helical linker at the N terminus of the KS domain, the KS-to-AT linker between the KS and AT domains, and the linker at the C terminus of each AT domain. Although the 194-kDa KS-AT fragment is considerably smaller than the intact 314-kDa DEBS module 5 that harbors an additional KR domain and an ACP domain, several naturally occurring minimal PKS modules [e.g., module 6 from the narbonolide synthase (10), module 2 from the rifamycin synthase (11) , and module 14 from the rapamycin synthase (12) ] consist almost entirely of a KS-AT homologue of the crystallized fragment plus an attached ACP domain. Given the Ϸ10-kDa size of a typical ACP domain, the x-ray structure described here provides insights into the architecture of 95% of a minimal PKS module.
The 2,828-Å 2 dimer interface of the KS-AT fragment of DEBS module 5 lies along the 2-fold axis of the homodimer and is composed of two distinct regions: the interface between the two KS domains of the homodimer and the coiled-coil structure of the N-terminal peptide dimer. Each KS domain adopts an ␣␤␣␤␣ fold, similar to the homologous condensing enzymes of type II fatty acid synthases (13) (14) (15) and type II polyketide synthases (16, 17) . Superposition of the C␣ atoms of the KS domain and the Escherichia coli ␤-ketoacyl-acyl carrier protein synthase I (13) yields an rms deviation of 1.36 Å for 332 C␣ atoms. The KS dimer interface is anchored around two antiparallel ␤-strands (residues 192-196 from each subunit) interacting with each other through backbone hydrogen bonds. Additionally, there are two salt bridges at the interface between Glu-160 and Arg-157 side chains of the paired subunits. The lack of conservation of this pair of charged residues among PKS modules presumably contributes to the specificity for homodimeric association of subunits in a bacterial cell that coexpresses one or more multimodular PKSs. The dimeric N-terminal peptides ( Fig. 2 ) have a coiled-coil structure consistent with the results of earlier mutant complementation and NMR structural studies (6, (18) (19) (20) (21) . These Nterminal linkers have been shown to play an important role in mediating intermodular polyketide chain transfer by providing a docking site for a compatible linker attached to the C terminus of the ACP domain of the upstream module (6, (18) (19) (20) (21) . The helices of this coiled coil protrude outward from the KS dimer to the solvent and do not make contact with rest of the protein, providing free access for interaction with the C-terminal linker region of the upstream module. The coiled-coil interface is formed by the hydrophobic residues Leu-12, Leu-16, Thr-19, Leu-23, Val-26, Thr-27, and Leu-30, as well as a salt bridge between Arg29A and Glu34B at the base of the coiled coil. As with the KS dimer interface, these side chains are not conserved and presumably enable the specificity of homodimerization of PKS modules.
The AT domain (Fig. 2) contains an ␣,␤-hydrolase-like core domain and an appended smaller subdomain with a ferredoxinlike structure. The architecture of the AT domain is similar to that of the E. coli and the Streptomyces coelicolor malonylCoA:ACP transacylases (22, 23) (rms deviation of 1.59 Å and 1.49 Å, respectively, for 242 and 223 C␣ atom superposition). A notable difference is the C-terminal helix (residues 857-867) of the DEBS module 5 AT domain, which interacts closely with the KS-to-AT linker (see the following three paragraphs).
A second, well-structured linker domain (residues 455 to 552) is found between the KS and AT domains of each subunit of the 194-kDa fragment (Fig. 2) . This KS-to-AT linker domain is formed by a three-stranded ␤-sheet packed against two ␣-helices on one side and represents a protein fold not previously reported in the Protein Data Bank. The C-terminal helix of the AT domain stacks on the other side of the three-stranded ␤-sheet of the KS-to-AT linker domain, resulting in an ␣␤␣ fold for this domain.
Finally, the 30-aa peptide appended to the C terminus of the AT domain wraps back over both the AT domain and the KS-to-AT linker so as to interact specifically with the KS domain ( Fig. 2 C and D) . Although the specific length of the linker peptide immediately downstream of the AT domain varies from module to module, depending on the domains that follow (ACP, dehydratase, enoylreductase, or KR), the residues in the 30-aa C-terminal peptide linker that are observed in the KS-AT crystal structure are well conserved, with good electron density (Fig. 3) , indicating that they are well-ordered in the crystal.
Both the KS-to-AT linker and the C-terminal post-AT linker peptide play important structural roles in fixing the relative positions of the KS and AT domains. In particular, two highly conserved hydrophobic cores at the KS:KS-to-AT linker interface and the KS-to-AT linker:AT interface highlight the architectural significance of these regions. The interface between the KS domain and the KS-to-AT linker ( (Fig. 6) but not in type II (dissociated) synthases, presumably play a role in organizing the relative positioning of the PKS domains. Additional interactions between individual domains and linkers are established through specific hydrogen bonds. For example, the AT domain and the KS-to-AT linker interact through hydrogen bonds between Arg-516 and Tyr-867 (carbonyl oxygen) as well as between Arg-541 and Asp-858 (side chain OD2) (Fig. 4C) . Similarly, the post-AT linker peptide forms eight hydrogen bonds with the KS domain and five hydrogen bonds with the KS-to-AT linker (Fig. 4D) . Interestingly, these hydrogen bonds use exclusively main chain backbone atoms, a structural feature that could facilitate the construction of domain-swapped hybrid modules. In summary, the KS domain, the KS-to-AT linker, the AT domain, and the post-AT linker peptide are packed together in an apparently rigid arrangement that precludes significant movement of the KS and AT domains relative to one another.
Active Sites of the KS and AT Domains. Analogous to type II fatty acid and polyketide ketosynthases (13) (14) (15) (16) (17) , the active site of the dimeric KS of DEBS module 5 is buried and extends toward the dimer interface (Fig. 5A ). An extended substrate-binding pocket in each KS domain is centered around the active site cysteine residue (Cys-199) (Fig. 5A ). Structural comparison of the active sites of the substrate-bound (24) and uncomplexed (14) ketosynthase II from the E. coli fatty acid synthase has previously identified two residues, Ile-108 and Phe-400 (E. coli KS numbering), that undergo ligand-induced conformational changes on substrate binding (13) . In the homodimeric KS of DEBS module 5, these two residues are replaced by smaller side chains, Thr-151 and Ile-441, respectively. These smaller side chains allow the KS5 dimer to adopt a conformation corresponding to the previously reported substrate-bound state of the E. coli FAS KS, thereby allowing us to model the natural phosphopantetheinyl-linked pentaketide substrate into the KS substrate-binding channel (Fig. 5B) . According to this model, the ketone carbonyl oxygen at C-5 of the pentaketide is hydrogen-bonded to the side chain amide nitrogen of Gln-376, whereas the C-9 OH is hydrogenbonded to Thr-151. The ethyl group at the end of the pentaketide chain is predicted to bind at the dimer interface in a hydrophobic pocket formed by Val152A, Gly233A, Ala234A, Pro158B, and Val169B. The attached phosphopantetheine group would be held in place by a hydrogen bond to Thr-303 and hydrophobic interactions with Phe-238, Phe-260, and Ile-441 in the substratebinding pocket.
The extensive domain-linker interactions within DEBS module 5 result in significant structural changes at the KS active site relative to homologues from type II PKSs. In particular, the interactions between residues 892-901 of the post-AT linker peptide and the KS domain lead to substantial conformational differences between the two classes of active sites. For example, a conserved helix at the KS dimer interface of type II enzymes is replaced with a loop corresponding to residues 153-161 in module 5. This change contributes to a larger substrate-binding cavity, consistent with earlier observations that DEBS KS5 can accommodate substrate analogues such as a decaketide that are longer than the natural pentaketide substrate (25) .
A bound acetate anion was found near the active site Ser-642 residue of the AT domain in the structure of the KS-AT homodimer. This acetate anion facilitated modeling of a methylmalonyl-phosphopantetheine substrate into the AT active site (Fig. 5C) . A 20-Å deep channel, which lies between the two subdomains of the AT, is lined by highly conserved residues. In this model, the invariant Arg-667 at the base of this binding pocket forms a salt bridge with the ␣-carboxylate of the methylmalonyl-CoA substrate. The methylmalonyl binding pocket of the module 5 AT domain is considerably larger than the malonyl binding pocket of the homologous S. coelicolor malonylCoA:ACP transacylase (22) .
The AT domains play a crucial role as gatekeepers in polyketide biosynthesis. Given their ability to discriminate between malonyl and methylmalonyl polyketide chain extension units, their substrate specificity has been extensively investigated (26) (27) (28) . The previously proposed role of Tyr-742 and Gln-643 in controlling specificity for (2S)-methylmalonyl-CoA (27, 28) is clarified by the x-ray structure of the KS-AT homodimer (Fig.  5C ). In addition to the predicted hydrophobic interaction of Tyr-742 with the ␣-methyl group of the substrate, Gln 643 can orient the bound methylmalonyl through a hydrogen bond with the substrate carboxylate. By contrast, the side chain of His-745 would cause a steric clash with the methyl group of (2R)-methylmalonyl-CoA, thereby accounting for the observed stereochemical specificity (Fig. 5C) .
Interaction Between the ACP Domain and the KS-AT Fragment: Not
Just a Swinging Arm. The classical model for vertebrate fatty acid synthases and modular polyketide synthases assumes that a statically anchored ACP domain reaches the active sites of the KS, AT, and reductive domains through its 18-Å long and flexible phosphopantetheine arm (29) . Unexpectedly, the crystal structure of the 194-kDa KS-AT didomain argues against such a simplistic picture of multifunctional PKS catalysis. The crystal structure reveals that the Cys-199 in the active site of the KS domain is separated by Ϸ80 Å from the active site residue Ser-642 of the nearest AT domain (Fig. 5 ). This distance is too large to be covered simply by alternative positioning of a fixed, fully extended phosphopantetheine arm. Thus, substantial domain reorganization is necessary for the ACP domain and its covalently tethered substrates to interact successively with first the AT and then the KS domain of the paired subunit of the DEBS module. Similar requirements for major conformational changes have been predicted in other multienzyme systems (30, 31) . How the requisite quaternary structural changes that accompany catalysis are achieved remains unknown at present and is the subject of ongoing investigations into the structure and mechanism of modular PKS megasynthases.
Comparision to the Vertebrate Fatty Acid Synthases. The domain architecture and enzymology of modular PKSs and vertebrate FASs are closely related. While this manuscript was in preparation, Maier et al. (32) reported the 4.5-Å crystal structure of the porcine fatty acid synthase. The quaternary structure was deduced by modeling homologous template structures of individual subunits from bacterial FASs into the observed electron density of the vertebrate FAS, guided by the visible secondary structural elements. The overall topology of the KS-malonyl acyltransferase portion of the deduced FAS structure is strikingly similar to the higher resolution 2.7-Å crystal structure of the KS-AT fragment of DEBS module 5 reported here (Fig. 7 , which is published as supporting information on the PNAS web site). In both systems, the KS domains form a homodimer centered around the 2-fold rotational axis, although each of the monomeric AT domains are located at opposite sides of the KS dimer, with a 70-to 80-Å distance between the KS and AT active sites. Whereas the extensive intervening peptide regions f lanking the KS, AT, and other domains of the porcine FAS are undefined in the 4.5-Å crystal structure, the atomic resolution structure of the DEBS KS-AT homodimer allows precise definition of the structure of the three peptide linkers that f lank the KS and AT domains. The N-terminal peptide linker seen in the DEBS protein lacks a counterpart in the FAS sequence or structure, presumably because it has evolved to facilitate the directional transfer of growing polyketide chains between successive modules of a multimodular PKS. In contrast, the observed ␣␤␣ fold of the KS-to-AT linker fits well into the corresponding unresolved electron density of the FAS homodimer. Similarly, the orientation of the post-AT linker peptide in the DEBS KS-AT homodimer allows it to span the distance between the assigned malonyl acyltransferase and dehydratase domains of the porcine FAS. Although sequence alignments of the latter two linker regions reveal very limited identity between the FAS and PKS proteins, both the hydrophobic residues (discussed in Overall Organization) involved in domain-domain interactions as well as the structurally constrained proline residues in the post-AT linker peptide of DEBS module 5 are conserved among vertebrate FAS sequences (Fig. 6) . We also note that the recently reported structure of a DEBS KR domain (33) , and the proposed model of the ␤-carbon processing dehydratase, KR, and enoylreductase domains, is fully consistent with the upper arms containing the homologous reductive domains of the low resolution FAS structure and indicates how the structure of the minimal PKS module, represented by the KS-AT didomain, can be expanded to include additional domains without fundamental reorganization of the core KS-AT topology (Fig. 7) . Together, these observations highlight the ancient evolutionary relationships between modular PKSs and vertebrate FASs, and set the stage for systematic dissection of the biochemical roles of these conserved architectural motifs. They also open the door to approaches to the structure-based design of antibiotics through rational biosynthetic engineering of modular megasynthases.
Materials and Methods

Cloning, Expression, and Purification of the 194-kDa Homodimeric
KS-AT Fragment of DEBS Module 5.
Plasmid pAYC10 encoding the KS-AT didomain from DEBS module 5 was constructed as follows: A fragment from the natural BsiWI site to the Tyr-Gln junction site was amplified by using primers 5Ј-GCGAGGCG-TACGCGCAGGGCGTGGAGGTCG-3Ј and 5Ј-ACCTGG-TAGCGCCAGTCGTCGTCCTCGT-3Ј and cloned into pCRBluntII-TOPO. The resulting intermediate plasmid was digested with BsiWI and EcoRI and cloned into the corresponding restriction sites in pRSG46 containing pET21 expression vector to yield pAYC10 (6) . Transformed E. coli BL21 (DE3) cells were grown in LB medium at 37°C until an OD 600 of 0.6 before the cultures were cooled to 18°C, induced with 0.2 mM isopropyl-␤-D-galactopyranoside, and grown for an additional 14 h at 18°C. Cells were harvested by centrifugation (4,420 ϫ g for 15 min), resuspended in lysis͞wash buffer [50 mM phosphate (pH 7.6), 300 mM NaCl, and 10 mM imidazole], and lysed by sonication (5 ϫ 1 min). After centrifugation, cellular debris was removed, and nickel-NTA agarose resin (Qiagen) was added directly to the supernatant (1 ml of resin per 1 L of cells). The protein was allowed to bind to the resin in batch form for 20 min at 4°C, and the slurry was poured into a fritted column, washed with 10-column volumes of lysis͞wash buffer, and eluted with 3-column volumes of elution buffer (50 mM phosphate, 100 mM NaCl, and 150 mM imidazole). The eluate was applied directly to a Hi-TrapQ anion exchange column (Amersham Pharmacia) and eluted with an increasing linear gradient of NaCl. KS-AT eluted at Ϸ370 mM NaCl. The purified protein was buffer exchanged into 20 mM Hepes at pH 7.6 and concentrated to 3 mg͞ml. Selenomethionine-labeled protein was expressed in BL21 (DE3) cells by using the method of Van Duyne et al. (34) and purified as described.
Crystallization and Data Collection for 194-kDa Homodimeric KS-AT
Fragment of DEBS Module 5. Crystals were grown at room temperature by using the hanging-drop vapor-diffusion method. The well buffer contained 0.1 M Tris (pH 8.5), 0.2 M Li 2 SO 4 , and 30% PEG4000. The crystals belong to the space group C2 and contain six monomers per symmetric unit. The unit cell has dimensions of a ϭ 305.3 Å, b ϭ 150.1 Å, c ϭ 184.4 Å, and ␤ ϭ 110°. Crystals from the selenomethionine (SeMet)-labeled protein was used for the structure solution. Because of the crystal decay in the radiation, multiple wavelength data for several crystals were collected at the Stanford Synchrotron Radiation Laboratory (SSRL) beamlines. Two data sets, inflection and remote wavelength from one crystal and the peak wavelength from a second crystal, were used for the structure solution were collected at beamline 11-1. The data sets were collected at 100 K and processed by using HKL2000 (35) and XDS (36) software packages.
Structure Determination 194-kDa Homodimeric KS-AT Fragment of DEBS Module 5. The structure was solved by multiwavelength anomalous dispersion phasing. At 4.7 Å resolution, 85 selenium (Se) sites were found by using the program SHELXD (37) . Further phase improvement by using SHARP (38) enabled the location of 90 Se sites. The electron density maps were improved by 6-fold averaging (there are six monomers in the asymmetric unit) by using the RESOLVE (39) program. The automated tracing procedure implemented in RESOLVE traced Ϸ3,000 residues. Maps were examined by using the program O (40) and were determined to be of good quality. Similar quality maps were also generated by performing histogram matching, solvent flattening, and 6-fold NCS averaging by using the program DM (41) . Extensive manual building by using maps generated from RESOLVE, SHARP, and DM enabled the complete tracing of a single monomer. The hexamer was then generated by using the NCS operators. The atomic model was refined by using REFMAC (42) . The final model contains 5,281 residues, 6 acetate ions, 5 sulfate ions, 5 chlorine atoms, and 310 water molecules. Residues 1-8, 412-414, and 458-465 are absent from the final model because of the lack of interpretable electron density in the corresponding regions. The statistics for the final model are in Table 1 . Atomic coordinates of the KS-AT homodimer have been deposited in the Protein Data Bank (PDB ID code 2HG4).
Molecular Docking. For the docking of the substrate, the coordinates of phosphopantetheinyl-linked pentaketide and (2S)-methylmalonyl-phosphopantetheinyl substrate were obtained from the Dundee PRODRG server (43) . The coordinates were read into O (40) and manually docked in the active-site. The molecular coordinates of the docked complex were energy minimized in CNS (44) .
